In natural environments, bacteria face low concentrations of antimicrobial drugs to which they may respond with various mechanisms of resistance. High levels of resistance mediated by spontaneous chromosomal mutations, plasmids, or transposons may be acquired; but low levels of resistance (also described as decreased drug susceptibilities) conferred by spontaneous chromosomal mutations are also selected. Although the latter resistance phenotypes may be too low to represent a clinical threat, they can serve as intermediate steps for the development of increased clinically relevant resistances (14) . Among the chromosomally mediated mechanisms causing low levels of multidrug resistance, that dependent on MarA, which was initially discovered in Escherichia coli (14) , is one of the best characterized (2) .
The general transcriptional regulator MarA directly or indirectly regulates a set of 60 to 80 genes known as the mar regulon (6, 36) . The MarA-dependent activation of transcription of acrAB, which codes for a multidrug efflux system, and the indirect inhibition of the expression of the OmpF porin lead to low-level resistance to multiple antibiotics and other antimicrobial agents (2, 29, 34, 45) , defined as the multipleantibiotic-resistance (Mar) phenotype. Transcription of the marA gene from the marRAB operon is activated by MarA (9, 27) and its two homologs, SoxS and Rob (5, 7, 17, 28) , and is repressed by the transcriptional repressor MarR (4) . In the presence of inducers such as sodium salicylate or 2,4-dinitrophenol (DNP), which inactivate MarR, transcription of marRAB is induced (1, 40) . Once induction of marRAB transcription stops, active degradation of MarA by the Lon protease and another still unknown ATP-independent protease allows the reversion of the MarA overproduction and the associated multidrug resistance (16) .
Mutations conferring a spontaneous low-level multidrug resistance phenotype have previously been found in the genes marR, soxR (which codes for the transcriptional activator of soxS), and acrR (which codes for the transcriptional repressor of acrAB) among laboratory (9, 18, 28) and clinical (25, 33, 43, 44) isolates of E. coli. We recently described an additional genetic mechanism of low-level multiple-antibiotic resistance in a spontaneous mutant of E. coli: increased amounts of AcrAB resulting from the amplification of the acrAB genes present on a large tandemly amplified unit of 149 kb bordered by IS186 elements (31) .
In this paper, we describe a role for lon mutations in the selection of Mar mutants. We also further investigate the importance of tandem genetic amplifications that include acrAB as a mechanism for selection of high-level unstable multidrug resistance in E. coli.
MATERIALS AND METHODS
Media. E. coli strains were grown on Luria-Bertani (LB) broth or agar media or on MacConkey agar medium at 37°C or 33°C, as specified. Ampicillin, chloramphenicol, nalidixic acid, tetracycline, and DNP were purchased from SigmaAldrich Co. (St. Louis, MO) and added to the media at concentrations dependent on the experiment.
Strains and isolation of spontaneous AG100 mutants. The strains used during this work are presented in Table 1 . The AG100 spontaneous mutants (mutant M013 and other mutants in Table 1) were isolated under conditions similar to those used for M113 (31) . Specifically, a single colony of E. coli AG100 was grown at 37°C under vigorous shaking in LB broth up to a concentration of 10 8 cells/ml. This culture was diluted into fresh LB broth to 10 4 cells/ml, which were then distributed into 13 tubes which were grown until late logarithmic phase (A 600 , 1.0). One hundred microliters of each culture (representing about 10 8 bacteria) was spread onto LB agar plates containing 4 g/ml of tetracycline. The first tetracycline-resistant mutants appeared after 2 to 3 days of incubation at 33°C. From each plate, one mutant that appeared after 3 days of incubation and one mutant that appeared after 4 days of incubation were picked. From those 26 mutants, 13 (representing 3 days or 4 days of emergence) were randomly chosen for this study. Each mutant was purified twice on LB agar plates supplemented with tetracycline (4 g/ml), from which one colony was selected and grown in LB broth and stored at Ϫ80°C in 20% glycerol.
The general protocol for the isolation of other drug-resistant mutants was as follows: colonies isolated on LB agar plates were grown at 37°C in LB broth up to late logarithmic phase (A 600 , 1.0) unless specified otherwise. The cultures were then diluted 10 Ϫ1 to 10 Ϫ6 and 100 l (LB medium) or 200 l (MacConkey medium) was plated on LB or MacConkey agar with or without drugs and incubated for several days at 37°C. After each day of incubation, the new mutants that appeared on the selective plates were marked and their numbers were determined. Numeration of the bacteria initially plated was done by counting the CFU from 100 l of the 10 Ϫ6 dilution plated on LB or MacConkey agar.
Amplification of the resistance phenotype of AG112. Fifteen microliters of an overnight culture of strain AG112 (mutant marR) in LB broth (growth 0) was added to 5 ml of LB broth supplemented with tetracycline (5 g/ml). After an overnight growth at 37°C, 15 l of the culture was used to start a new growth under similar conditions. A total of 30 such sequential growths were performed in the presence of tetracycline (5 g/ml) (representing about 250 growth generations), followed by 15 growths in the absence of tetracycline (representing about 125 generations).
Fitness of wild-type and lon mutant bacteria in LB broth. Colonies of strains AG100HN17 (lon3::IS186 ppiD::Tn10) and its wild-type equivalent, strain AG100HN19 (ppiD::Tn10), isolated on LB plates were grown in LB broth at 
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a marOR and acrR loci were amplified by PCR from all 13 mutants (mutants M013 to M124). The loci that did not present a large insertion were sequenced to look for other types of mutations. The nature of the inserted IS found was generally determined by sequencing or remains unknown (noted "IS"). The lon genes from all mutants were sequenced. For details about the lon::IS186 mutations found, see Table 3 . unknown, the mutation that resulted in the growth of the mutant on the selective plate was not found.
b No MarA overproduction (Ϫ) or increased MarA overproduction (ϩ Ͻ ϩϩ Ͻ ϩϩϩ), as observed by Western blot hybridization with anti-MarA antibodies. c The mutation was unstable. d The undefined mutation mapped to the acrRAB region. e Deletion starting at nucleotide 459285, according to the E. coli K-12 sequenced genome with GenBank accession number U00096. f Selective LB agar plate and day on which the mutant was isolated.
37°C up to mid-logarithmic phase (optical density at 600 nm, 0.4). The cultures were then mixed together, and 10 l of this mix was used to inoculate two tubes containing 5 ml of LB broth prewarmed at 37°C. The cultures were then incubated at 37°C for 2 days (cultures 1), diluted 1:500, and incubated for 2 more days (allowing nine growth generations to occur; cultures 2). After each culture, the bacteria were spread on LB plates, and isolated colonies were tested for their resistance (strain AG100HN19) or sensitivity (strain AG100HN17) to 0.6 mM DNP (the latter phenotype is associated with a lon mutation in E. coli AG100) (33) . After the first cultures, 71% and 73% of DNP r bacteria were present. This proportion increased to 86% and 90% after the second cultures.
Estimation of spontaneous lon::IS186 mutation rate. The general formula for the calculation of the mutation rate () used is: 
. We can simplify N iL Ϸ N iW ϫ Eq in equation 2 to obtain equation 3: ϭ 1/2 ϫ Eq ϫ (2 Ϫ Y). To find Y, we observed that, when AG100HN17 cells were mixed with AG100HN19 cells (wild type), the proportion of AG100HN17 cells (lon::IS186) decreased from 28% to 12% of the total population in n ϭ 9 wild-type generations (experiment A). Therefore, 
. By using equation 9 in equation 3, we obtain the general formula for the calculation of the mutation rate (see above).
Drug susceptibility. The drug susceptibility and the DNP sensitivity phenotypes were determined on LB agar plates by Etests (AB BIODISK, Solna, Sweden) or by the serial plate technique, as described previously (31) .
Molecular biology techniques. Western blot hybridizations with polyclonal antibodies to MarA or to AcrA (received from H. Zgurskaya) and P1 transductions were performed as described previously (31) . The primers used for PCR amplifications (Table 2) were synthesized by the Tufts University Core Facility. DNAs extracted with the DNeasy tissue kit (QIAGEN, Inc.) were used for comparative PCR amplifications. For noncomparative PCRs, 100 l of the bacterial cultures was pelleted and resuspended in 50 l of water, heated at 98°C for 10 min, and centrifuged at 9,000 ϫ g for 5 min. Three microliters of supernatant was routinely used per PCR mixture. PCR-amplified bands were quantified with a Gel doc 1000 camera system and Molecular Analyst software (Bio-Rad). The DNA fragments produced by PCR amplification were purified with a QIAquick PCR purification kit (QIAGEN), quantified by measurement of their A 260 , and sequenced at the Tufts University Core Facility.
Computer simulation. Computer simulation of the growth over n generations of a bacterial population with a given initial ratio of wild-type to lon mutants was done with Excel software from the Microsoft Office suite. The definitions of the terms used (see also above) are as follows: Eq (n) is the proportion of lon::IS186 mutants in a population grown for n generations; N fW (n) and N fW(n Ϫ 1) are the final populations of wild-type bacteria after n and n Ϫ 1 growth generations, respectively; N fL (n) and N fL(n Ϫ 1) are the final populations of lon::IS186 mutants after n and n Ϫ 1 growth generations, respectively; N gL(n) is the growth of the lon::IS186 population during generation n; N gW(n) is the growth of the wild-type population during generation n; and m (n) is the number of new spontaneous lon::IS186 mutants appearing during generation n.
For each growth generation, the Excel software calculated the following values:
. Any arbitrary initial values N fL (0) and N fW(0) (the amounts of lon::IS186 and wild-type bacteria at the beginning of growth, respectively) can be used to calculate Eq (n) .
RESULTS
Isolation of spontaneous Mar mutants of E. coli. Thirteen mutants of E. coli AG100 were isolated on LB plates supplemented with tetracycline (4 g/ml) after 3 or 4 days of incubation at 33°C (see Materials and Methods). Like mutant M113, which was isolated under similar conditions (31), they all formed visible colonies in 1 day when they were replated on similar medium, implying that the mutational event that allowed the growth probably occurred during incubation on the selective plate. All mutants had a Mar phenotype, with observed decreased susceptibilities to chloramphenicol, ampicillin, nalidixic acid, norfloxacin, and tetracycline (Table 3) . Western blot hybridization with anti-MarA antibodies revealed the overproduction of MarA in all mutants except M104 (data not shown). Compared to the control marR mutant AG112, there was stronger overproduction of MarA in mutants M043, M044, and M114 and weaker overproduction in mutants M013, M064, M073, M074, M083, M084, M093, M103, and M124 (Table 1) .
Presence of lon mutations in Mar mutants. Twelve of 13 mutants were DNP sensitive, a phenotype associated with a lon mutation in strain AG100 (31) . PCR amplification of the lon promoter of the 13 mutants revealed an additional 1.3-kb-long sequence consisting of four different lon::IS186 mutations in 11 mutants (Table 4 ). The remaining DNP-sensitive mutant (mutant M013) had a 2.688-kb-long deletion ranging from lon to ppiD and starting at position 459,285, according to the E. coli K-12 genome sequence (GenBank accession number U00096). Only M104 showed wild-type susceptibility to DNP, and sequencing verified the absence of a mutation in lon.
IS insertions in acrR and marR caused the Mar phenotype in nine mutants. A lon mutation alone does not confer a Mar phenotype, but a Mar phenotype can appear in lon mutants when a second mutation increases the amount of AcrAB (31). We searched for possible mutations in acrR, marR, and its operator, marO, in the 12 lon mutants and in M104. Six mutants had an insertion sequence (IS) in acrR (mutants M064, M073, M074, M093, M083, and M124; Table 1 ) had an IS insertion in marR. Insertion of IS2 sequences in marR (confirmed in M043 and M114) in orientation II relative to the orientation of the marRAB promoter both inactivates marR and allows the transcription from the original promoter to proceed through the IS2 element and into the downstream genes, marA and marB (9) , causing overexpression of MarA. As observed previously with the constructed mutant AG112HN48 (31), the additional marR mutation found in lon mutants M043, M044, and M114 led to the overproduction of larger amounts of MarA (Table 1) , which further increased the amount of AcrA and caused the Mar phenotype. After sequencing of the mutants, no mutations in acrR or marOR were found in the four remaining mutants (mutants M013, M084, M103, and M104). However, the uncharacterized mutation in M103 was mapped by P1 transduction to the acrAB region by using the donor strain CAG12017 (ppiD::Tn10) (data not shown).
Two large unstable tandem amplifications including acrAB caused the Mar phenotype in two mutants. We found that M013, M084, and M104, in which no mutations in acrR, marO, or marR were found, had an unstable Mar phenotype (data not shown). In fact, the high degree of instability of the Mar phenotype of M084 did not allow us to isolate on LB plates colonies of M084 harboring the original Mar phenotype of the mutant.
The instability of the Mar phenotype in these three mutants was reminiscent of that of M113 (31) . However, no unstable large tandem duplications similar to the dupIS186 found in M113 (31) were detected by PCR in any of the 13 mutants by use of primers lonR1 and hokE1 (Table 2 ; Fig. 1A and B). To look for different tandem amplifications that include acrAB, two IS5 sequences found in the same orientation and on each side of acrAB (IS5 sequences starting at positions 273,179 and 573,814 on the E. coli K-12 sequence with GenBank accession number U00096) were tested as possible ends of 300-kb-long amplified units carrying acrAB. PCR primers IS5-7 and IS5-8 were designed to detect the tandem amplifications that we named dupIS5 (Table 2 ; Fig. 1A ). Of the 13 mutants and mutant M113 tested by PCR, only mutant M013 had a dupIS5 (Fig. 1B) . Sequencing of the amplified PCR fragment confirmed the ybcQ-IS5-mmuP junction between two amplified units. Two pairs of IS3 sequences present in the same orientation and positioned on each side of acrAB (positions 314,453 and 566,000 on the E. coli chromosome) were also tested. PCR primers IS3-1 and IS3-2 were designed to detect the dupIS3 tandem amplification consisting of 252-kb-long units bordered by the two IS3 sequences (Table 2 ; Fig. 2A ). Both M104 and previously described mutant M113 (31) were found to have dupIS3 when they were tested by PCR (Fig. 2B) . Sequencing of the amplified PCR fragment confirmed the presence of the intD-IS3-ykgA junction between two amplified units. Similarly, primers IS3-3 and IS3-4 were designed to detect by PCR a 703-kb-long amplification bordered by the IS3 sequences located at positions 390,933 and 1,093,468 on the E. coli K-12 chromosome (Table 2 ; Fig. 2A ). No such tandem amplification could be detected by PCR in any of the 13 mutants or mutant M113 (data not shown).
Occurrence of spontaneous dupIS3 and dupIS5 genetic amplifications. A comparative PCR amplification of marA and ybaO, present outside and inside the amplified units, respectively, was carried out with template DNA of M104 (carrying dupIS3) and M013 (carrying dupIS5) grown in LB medium supplemented with 5 g/ml of nalidixic acid (a condition that we found could maintain dupIS186 amplification [31] ). An average of 2.9 and 2.5 copies of the amplified unit were present in mutants M104 and M013, respectively. Using the same template DNAs and DNA extracted from three independent growths of wild-type strain AG100 in LB broth, we performed comparative PCR amplifications with primers IS3-1 and IS3-2 and primers IS5-7 and IS5-8 (for the detection of dupIS3 and dupIS5, respectively). We hypothesized that in the AG100 cultures, most bacteria which carried a spontaneous duplication had only two copies of the amplified unit because the growth was performed without positive selection for the duplications. With this hypothesis, the comparative PCR showed that 3.4% Ϯ 1.2% and 0.21% Ϯ 0.06% of AG100 bacteria had a spontaneous dupIS3 or dupIS5 (with two copies of the amplified units), respectively, after overnight growth in LB broth (data not shown). Comparative PCR amplifications were done to detect whether dupIS5 was present in AG100 and MG1655 grown overnight in LB supplemented or not supplemented with nalidixic acid at 5 g/ml (Fig. 1C) . We found that similar amounts of template DNA had 147 Ϯ 46 (AG100) and 195 Ϯ 81 (MG1655) times more dupIS5 after growth in nalidixic acid (5 g/ml) than after growth without nalidixic acid. Using the findings that in the absence of nalidixic acid, 0.21% of AG100 had a dupIS5 with two copies of the amplified unit (see above) and that an average of 2.6 copies of the amplified unit were present after growth in 5 g/ml of nalidixic acid (see above and reference 31), we could estimate that 24% of the AG100 isolates had an unstable dupIS5 (with 2.6 copies of the amplified unit) after overnight growth in LB supplemented with nalidixic acid (5 g/ml).
This revealed that spontaneous large tandem duplications in the region of acrAB and including acrAB were (i) detected in different E. coli strains, (ii) frequent in the absence of selective a The orientation of the inserted IS186 is given as described previously (39) . b IS186 insertion sites and duplications of the insertion site (underlined and in boldface) are indicated in the portion of the E. coli K-12 chromosome from nucleotides 458010 to 458032 (GenBank accession number U00096); the orientation of IS186 is indicated with arrowheads (Ͼ Ͼ or Ͻ Ͻ); the Ϫ10 motif of the 32 lon promoter is double underlined.
c As described previously (31).
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on February 21, 2013 by PENN STATE UNIV http://aac.asm.org/ pressure, and (iii) selected and present in an important proportion of the bacteria after overnight growth in a selective medium. Large tandem duplications involved in stepwise amplification of multiple-antibiotic resistance. The resistance of AG112 (mutant marR) was amplified in a similar way, as described by George and Levy (14) (see Materials and Methods; Table 5 ). After 250 generations, AG112 grown in the presence of tetracycline (always kept at 5 g/ml), acquired a very high level of resistance to multiple antibiotics (e.g., 125 g/ml for tetracycline; Table 5 ). This amplified high-level multidrug resistance was mostly lost after growth for 125 additional generations in the absence of tetracycline (Table 5 ). Such instability had been observed previously (14) , without elucidation of the mechanism.
Using a comparative PCR approach, we quantified the dupIS3 amplifications and found that similar amounts of template DNA of AG112 had 1,575 Ϯ 20 times more dupIS3 after the 250 generations in tetracycline than before growth of the bacteria in the presence of the drug (data not shown). After the additional 125 generations in the absence of antibiotic, the number of dupIS3 amplifications detected dropped and was almost identical to that found initially (Table 5) . So, amplification of the antibiotic resistance correlated with genetic amplifications containing acrAB, and loss of the amplified resistance related to loss of the acrAB amplifications.
Occurrence of lon mutations among drug-resistant mutants selected on LB or MacConkey agar in the presence of different selective drugs. To further investigate the link between lon mutations and selection of drug-resistant mutants, spontaneous mutants of AG100 were selected on LB or MacConkey agar in the presence of tetracycline, chloramphenicol, or nalidixic acid (Fig. 2) . The concentrations of antibiotics used represented about 2ϫ MIC (tetracycline), 2 to 2.5ϫ MIC (chloramphenicol), and 1.2ϫ MIC (nalidixic acid) for AG100 (MICs on LB medium). At any given antibiotic concentration tested, we found that fewer spontaneous mutants were selected on MacConkey agar than on LB agar plates. Therefore, in order to get enough spontaneous mutants for analysis, selections at lower concentrations of antibiotics were also performed on MacConkey agar plates. Selection of mutants with M113R (lon3::IS186) was done in parallel to determine the frequency of isolation of drug-resistant mutants by a lon::IS186 strain under similar selective conditions (Fig. 2) . Because of the high frequency of lon::IS186 mutations among the 13 mutants isolated on LB agar in the presence of tetracycline (see above), we determined by PCR amplification and for each selective condition the proportion of drug-resistant AG100 mutants which carried a lon::IS186 mutation (Fig. 2) .
When M113R was plated on LB and MacConkey agars, it produced 10 to Ͼ100 times more tetracycline-or chloramphenicol-resistant mutants than AG100 did ( Fig. 2; compare the results for days 1 and 2 of the selection). Even when selection was done in the presence of nalidixic acid (7 g/ml), M113R still gave more drug-resistant mutants than AG100 did (although Ͻ10 times more), despite the increased sensitivity of lon mutants to this drug (31) . When selections with similar amounts of drugs were compared, selection on MacConkey medium affected the lon mutant more than it affected the wild-type strain and reduced the proportion of drug-resistant mutants carrying an additional lon mutation (Fig. 2) . For example, selection of drug-resistant mutants on MacConkey agar supplemented with 4 g/ml of tetracycline was ϳ2.5 log less efficient than selection on LB agar for AG100 but ϳ4.5 log less efficient for M113R (lon-3::IS186) (Fig. 3) . When selection was on MacConkey agar supplemented with chloramphenicol (8 g/ml), the frequency of appearance of colonies was reduced by a factor of ϳ0.5 log for M113R and was augmented by a factor of ϳ1 log for AG100 (compared to the frequency of appearance of colonies by selection on LB with chloramphenicol 10 g/ml). When M113R and AG100 were plated on LB medium supplemented with 8 g/ml of chloramphenicol, M113R, but not AG100, grew as microcolonies visible after several days of incubation (growths were performed for a maximum of 6 days; data not shown). This finding probably reflects the previously observed small decreased susceptibilities of lon mutants to chloramphenicol (31) . A similar observation was made on LB medium supplemented with tetracycline (4 g/ ml), revealing a small decreased susceptibility of the lon mutants to tetracycline previously undetected when the MIC was tested by Etests and the results were read after 24 h of growth (31). In Fig. 2 , the M113R drug-resistant mutants selected
Isolation of drug-resistant mutants from wild-type AG100 compared with that from its lon mutant on two different media. Drugresistant mutants of AG100 (wild-type) or M113R (lon3::IS186) were selected at 37°C on LB (A) or MacConkey (B) agar plates containing antibiotics for 6 days (see Materials and Methods). After each day of incubation, the new colonies that appeared were counted. Experiments were done in duplicate, except for the selection on LB medium with tetracycline at 4 g/ml (four experiments) and on MacConkey medium with chloramphenicol at 10 g/ml (single experiment). The curves (dots and thick line for AG100, rectangles and thin line for M113R) represent the number of drug-resistant mutants which appeared per bacterium initially plated on the selective medium since day 1 of the selection. The dotted line (triangles) represents the number of colonies with a lon::IS186 insertion isolated per AG100 bacterium initially plated since the beginning of the experiment. a, percentage of the new colonies of AG100 appearing on the specific day which carried a lon::IS186 insertion; b, percentage of AG100 colonies with a lon::IS186 insertion among all the colonies which appeared since the beginning of the selection; c, number of colonies isolated from AG100 after each day of incubation that were chosen randomly and analyzed by PCR for the presence of a lon::IS186 mutation (see Materials and Methods).
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on February 21, 2013 by PENN STATE UNIV http://aac.asm.org/ after 5 and 6 days corresponded to the large colonies appearing on these days rather than the numerous small colonies present. The subpopulation of lon::IS186 mutants originally plated on the selective plates was ϳ3.7 ϫ 10 Ϫ4 (see below). However, after 3 days of incubation on LB medium with tetracycline (4 g/ml) or chloramphenicol (10 g/ml) and after 5 days on MacConkey agar with chloramphenicol (8 g/ml), the number of drug-resistant mutants carrying an additional lon::IS186 mutation selected from AG100 was equivalent to the number of mutants expected if subpopulations of ϳ3 ϫ 10 Ϫ3 (selections on LB medium) and ϳ1 ϫ 10 Ϫ2 (selection on MacConkey agar) lon::IS186 mutants had initially been present on the plates (Fig. 2) . This finding suggests that new spontaneous lon mutants appeared during incubation on the selective media.
From six spontaneous AG100 Mar mutants previously selected in our laboratory on LB or nutrient agar (NP3.5GP) in the presence of pine oil (29; M. C. Moken and L. M. McMurry, unpublished data), one mutant selected on nutrient agar was DNP sensitive and had the additional 1.3-kb-long sequence in the lon promoter, characteristic of an IS186 insertion.
lon mutations selected among other E. coli strains. To determine if the observations made above were strain specific, two different E. coli strains (strains MG1655 and AB1157) and two different stocks of strain AG100 (the AG100 strain used for this work and an older culture of AG100 stored at Ϫ80°C since ϳ1987) were used to select drug-resistant mutants on LB medium with tetracycline (3 or 4 g/ml). The two frozen stocks of AG100 both allowed the selection of similar proportions of DNP-sensitive tetracycline-resistant mutants. As observed with AG100, most of the tetracycline-resistant mutants isolated with AB1157 were also DNP sensitive and thus probably had an additional lon mutation (data not shown). The DNP sensitivity associated with the lon mutation in AG100 and AB1157 was not seen with a MG1655 lon mutant (31) . Therefore, PCR amplifications were used to detect the presence of an IS inserted in the promoter of lon in MG1655 tetracycline-resistant mutants selected after 2 to 5 days of incubation. Two of 20 mutants presented an additional sequence inserted in the lon promoter.
We conclude that the very high association between lon and mar mutations occurred in all three E. coli K-12 strains tested. Although the concentration of tetracycline used for selection of MG1655 mutants might not have been optimal for the selection of mutants carrying an additional lon mutation, the very high association between lon and mar mutations seen with AG100 may be lower in MG1655.
High rate of spontaneous lon::IS186 mutations in strain AG100 grown in the absence of selective pressure. Most of the lon mutations detected were IS186 insertions in the lon promoter. To determine the proportion of spontaneous lon::IS186 mutants present in AG100 grown in the absence of selective pressure (LB broth), we used a comparative PCR approach with primers IS186IR and lonR2, designed to detect IS186 inserted in the lon promoter in any orientation (Table 2) . Six a AG112 (marR) was sequentially grown in LB broth with tetracycline (5 g/ml) for about 250 generations and then sequentially grown in the absence of tetracycline for 125 generations (see Materials and Methods).
b The susceptibilities to the antibiotics (MICs) were determined by Etests. Tet, tetracycline; Chl, chloramphenicol; Nal, nalidixic acid; Nor, norfloxacin; Amp, ampicillin.
c The amplification of acrAB in the whole population was assessed by comparative PCR with primers IS3-1 and IS3-2, which detect the dupIS3 events. The amplification obtained with the template DNA from AG112 before sequential growth in the presence of drug was arbitrarily given the value "1", and the results after 250 and 125 generations are the number of dupIS3 amplifications detected in similar amounts of template DNA compared to the amounts found in AG112 before the sequential growths. colonies of AG100 isolated on LB agar and two isolated colonies of M113R were grown overnight in LB broth, followed by a new growth in LB broth up to an A 600 of 1.0, from which DNA was extracted. Amplifications with M113R (presence of one lon::IS186 per bacterium) were used as a reference. We found that an average subpopulation of ϳ3.7 ϫ 10 Ϫ4 (Ϯ2.6 ϫ 10 Ϫ4 ) lon::IS186 mutants were present when AG100 was grown in LB broth.
To estimate the rate of spontaneous lon::IS186 mutations in AG100 grown in LB medium, we compared the fitness of a wild type and a lon mutant in this medium (see Materials and Methods). We found that after nine generations, the proportion of lon mutants dropped from 28% to 12%, revealing that the growth of the strain with a wild-type lon gene was favored over that of the lon mutant. Using the formula for the determination of the mutation rate (see Materials and Methods), we calculated the frequency of spontaneous lon::IS186 mutations and found that was equal to ϳ4 ϫ 10 Ϫ5 lon::IS186 mutation per bacterium and generation. The proportion of lon::IS186 mutants had been determined after Ͼ30 generations of growth. Using the values Eq of 3.7 ϫ 10 Ϫ4 and of 4 ϫ 10 Ϫ5 , we calculated Y to equal 1.78 (see Materials and Methods). Computer simulation (see Materials and Methods) confirmed that the same equilibrium (Eq ϭ 3.7 ϫ 10 Ϫ4 ) was reached no matter what the initial ratio of wild type to mutant was and that an isolated AG100 bacterium grown in LB broth would almost attain its equilibrium proportion of lon::IS186 mutants in only 30 generations (Eq ϭ 3.5 ϫ 10 Ϫ4 after 30 generations). Increased genome instability in lon mutants. We compared the stability of the genome of a lon mutant with that of its wild-type parental strain. Three colonies of AG100 and M113R (lon3::IS186) isolated on LB plates were independently grown overnight in LB broth. Primers IS5-7 and IS5-8 (Table 2) were chosen to detect and quantify by PCR spontaneous large tandem amplifications events (mutations dupIS5; Fig. 3A) , and primers IS3-3 and IS3-1 (Table 2) were chosen to detect and quantify genomic inversions bordered by IS3 sequences located at positions 314453 and 390933, according to the E. coli K-12 genome sequence with GenBank accession number U00096 (Fig. 3A) . Comparative PCR amplifications (Fig. 3B ) revealed that about 10 times more spontaneous tandem amplifications and genomic inversions were detected in DNA from M113R than in DNA from AG100. Thus, a lon mutation increased the genome instability and favored spontaneous large tandem duplications, causing a multidrug resistance.
DISCUSSION
The majority of the Mar mutants selected on tetracycline had two mutations. Twelve of 13 spontaneous Mar mutants of E. coli selected on LB plates in the presence of tetracycline (4 g/ml) and analyzed in detail had at least two mutations (Table  1) . Twelve had a mutation in lon, most with an IS186 insertion in the promoter of the gene (Table 4) , which is a hot spot for IS186 insertion (39) . The presence of five different lon mutations among the 13 mutants selected revealed that they were independent mutational events and were not siblings of a single spontaneous lon mutation which occurred at the beginning of the bacterial growth. Despite the overproduction of AcrABTolC pump linked to MarA overproduction in lon mutants (31), a lon mutation alone does not produce a significant increase in multidrug resistance (31) . Although increased polysaccharide biosynthesis that led to a mucoid phenotype of lon mutants (15, 26) and that was observed after several days of growth on LB agar was thought to cause increased antibiotic resistance in biofilms via decreased permeability (22) , a recent study showed that antibiotic resistance in biofilms of Pseudomonas aeruginosa was dependent on periplasmic glucans biosynthesis (23) . The absence of increased antibiotic resistance in E. coli lon mutants agrees with the findings of that study; a second locus or a subsequent mutation, as shown in this work, is the likely basis for increased drug resistance in mucoid lon mutants. Among the second mutations that were found in the lon mutants and that further increased the amount of AcrAB and caused the Mar phenotypes were marR and acrR mutations (Table 1) . Two Mar mutants selected in the presence of tetracycline had a large genetic amplification, including acrAB (dupIS3 in mutants M104 and dupIS5 in M013; Fig. 1A ). As previously described for M113, those duplications increased the amount of AcrAB and conferred an unstable Mar phenotype both in the presence (as in M104) and in the absence (as in M013) of a wild-type lon gene (31) .
lon is a mutator gene which increases IS transpositions and genome rearrangements. The Mar phenotype in 9 of the 12 mutants harboring a lon mutation was caused by IS insertions (Table 1 ). This finding suggests that a lon mutation increases IS transposition events. Other studies have implicated Lon in the regulation of transposition of several IS elements of E. coli. The stability of the transposase of IS903 (11), possibly IS1 (38) and Tn5 (24, 30) elements, is dependent on the Lon protease, which seems to regulate their transposition activity. Transposition is also regulated by numerous host factors, such as the E. coli Dam methyltransferase (24) , a substrate of the Lon protease (8) . In mitochondria, the stability of the genome depends on the activity of the Pim1/Lon protease (10) and the E. coli Lon protease restored the mitochondrial DNA stability in a PIM1/LON mutant (42) . Similarly, we found a 10-fold increased instability of the genome of lon mutants, revealing that lon mutations favor genome rearrangements. This effect of Lon might be related to its DNA binding activity (13) or to its role in the control of the cell cycle methylation (8) . Therefore, lon mutations confer a mutator phenotype which affects genome stability and the frequency of IS transposition. Although no other regions of the chromosome were analyzed, the increased genome instability linked to a lon mutation probably affects the entire genome of E. coli. lon mutations favor the appearance and selection of drugresistant mutants. A lon mutant allowed the selection of spontaneous drug-resistant mutants at a higher frequency (10 to Ͼ100 times) than a wild-type strain did. We found that under certain selective conditions, most drug-resistant mutants selected from a wild-type E. coli strain arose from a subpopulation of spontaneous lon mutants. In the presence of nalidixic acid (but not tetracycline or chloramphenicol) or on MacConkey medium (but not LB medium), lon mutants were disadvantaged compared to a wild-type strain and fewer or no spontaneous drug-resistant mutants selected from a wild-type strain arose from the lon subpopulation. Although we did not test this hypothesis, the effect of MacConkey medium on lon mu- From our findings, we propose the following mechanism for the evolution of E. coli to multidrug resistance. A high frequency of spontaneous lon::IS186 mutations (estimated to be 4 ϫ 10 Ϫ5 ) caused an important subpopulation of lon mutants to be initially present on the selective media. The size of this subpopulation depends on the fitness of lon mutants and wildtype bacteria in the medium (in LB broth, the proportion of lon mutants was ϳ3.7 ϫ 10 Ϫ4 ). We found that new spontaneous lon mutants also appeared among the wild-type population during the time of the selection. Furthermore, when selection occurred on certain media (i.e., LB medium with tetracycline at 4 g/ml or LB medium with chloramphenicol at 10 g/ml), the lon mutants had a fitness advantage over wild-type bacteria and could slowly grow. This slow growth increased the probability that new mutations causing a higher-level drug resistance occurred in the lon subpopulation rather than in a wild-type bacterium. This was further favored by the mutator phenotype caused by the lon mutation.
Previous studies of Mar mutants revealed that IS insertions were rare and that other types of mutations (i.e., point mutations) were usually found (9, 19, 25, 33, 43, 44) . This finding suggests that the connection between lon and mar mutations that we observed might be weak in clinically isolated E. coli strains. Although IS186 sequences, which caused most of the lon mutations characterized so far, were detected in about 50% of the E. coli natural isolates that we tested (data not shown) and some lon::IS186 mutations have been characterized in natural isolates (39), we showed that, via their negative effect on the fitness of the mutants, growth conditions disadvantageous to lon mutants reduce the role played by the lon subpopulation in the evolution to drug resistance.
A role for genetic amplifications for evolution of drug-resistance? In Salmonella enterica serovar Typhimurium cultures, any genetic locus appears to be spontaneously duplicated in a subpopulation of up to 3% of the bacteria (3) . Similarly, we estimated that ϳ3.4% and ϳ0.21% of AG100 bacteria grown in LB broth in the absence of selective pressure had a dupIS3 and a dupIS5, respectively. However, AG100 drug-resistant mutants are selected at a low frequency (Fig. 2) , revealing that in most bacteria dupIS3 and dupIS5 do not allow efficient growth on the selective media. It is possible that amplification of acrAB to more than two copies is required for efficient growth in the presence of the drugs and that this would occur in only a fraction of the bacteria originally carrying a duplication of acrAB. The persistence of only two copies of acrAB in most bacteria would mediate only a small reduced susceptibility to drugs and a small fitness advantage. Although we did not test this hypothesis, the consequence would be that mutants acquiring an increased level of drug resistance would then preferentially evolve from this slowly growing subpopulation rather than from the wild-type population, as observed with the lon subpopulation (this work) or during selection of Lac ϩ adaptive revertant mutants (20) . In agreement with this hypothesis, we observed that an important population (ϳ24%) of bacteria carried a dupIS5 after an overnight growth of AG100 in the presence of nalidixic acid (5 g/ml).
Our findings reveal that the genetic amplification of acrAB is an important mechanism for multidrug resistance. For example, such amplifications might explain a multidrug-resistant mutant of Salmonella enterica (mutant BN18/21) with an increased level of production of AcrAB but no mutations in the acrR, acrAB promoter, soxRS, and marRAB loci (35) .
Amplification to clinically significant multidrug resistance is linked to acrAB amplification. We found that the unstable amplification of antibiotic resistance following the serial growth of a mar mutant in the presence of a constant sublethal low concentration of tetracycline (5 g/ml), as originally described by George and Levy (14) , was linked to unstable genetic amplifications carrying acrAB. A high level of mutidrug resistance had also previously been observed with a constructed double marR dupIS186 mutant (31) . Although the original mar mutant used was already resistant to 5 g/ml of tetracycline (Table 5) , selection for the genetic amplifications must have somehow increased the fitness of the bacteria under the growth conditions used. The cause of this increased fitness remains unknown and could be linked to any locus present on the amplified units. This mechanism, independent of the presence of a lon mutation, allows natural E. coli mar mutants facing low antibiotic concentrations for a prolonged period of time to develop transient clinically significant high antibiotic resistances (Table 5) .
This work demonstrates the unexpected role of spontaneous lon mutants in the evolution of E. coli to low levels of multidrug resistance under selective conditions that are not detrimental to lon mutants. We also easily found new large genetic amplifications that carried acrAB and that caused unstable low levels of multidrug resistance, revealing that this newly uncovered mechanism of transient resistance might be frequent. Interestingly, those genetic amplifications could also be linked to unstable high levels of multidrug resistance that could represent a clinical threat. In addition to the role played by lon mutations, our observations also suggest a role for spontaneous large genetic duplications carrying acrAB in the evolution mechanism to low levels of multiple-drug resistance.
